Previous research found evidence for a transition from mortality compression (declining lifespan variability) to mortality delay (increasing ages at death) in low-mortality countries. We specifically assessed the year at which increases in life expectancy at birth transitioned from being predominantly due to mortality compression to being predominantly due to mortality delay in 26 European countries, Japan, and the United States of America (USA), 1950-2014. To unsmoothed age-and sex-specific death rates from the Human Mortality Database, we applied the CoDe (compression and delay) mortality model. Among women, the transition first occurred in the USA around 1950, then in North-Western Europe (1955)(1956)(1957)(1958)(1959)(1960)(1961)(1962)(1963)(1964)(1965)(1966)(1967)(1968)(1969)(1970) and Southern Europe (1970)(1971)(1972)(1973)(1974)(1975), and still later in Eastern Europe. Among men, the transition occurred about 10 years later and is still incomplete in Eastern Europe. We identified four stages: (1) predominance of compression mainly due to mortality declines at young ages, (2) declining importance of mortality compression due to the decreasing impact of mortality declines at young ages, (3) delay becomes predominant due to the increasing impact of mortality delay and the counterbalancing effects of mortality compression/expansion at different ages, and (4) strong predominance of delay accompanied by strong adult mortality declines and declining compression at old ages. Our results suggest that life expectancy and maximum lifespan will increase further. With mortality delay, premature mortality and old-age mortality are shifting towards older ages.
Introduction
Within mortality research, a paradigm shift has occurred: rather than studying trends in the expected average age at death, or life expectancy at birth (e0), researchers are increasingly studying changes over time in the full age-at-death distribution. To describe the changes over time in the age-at-death distribution, two scenarios have been distinguished, which, empirically, can operate simultaneously (Kannisto 2001) : (1) mortality compression (Fries 1980) , which results from more people dying at the same ages and is indicative of declining lifespan variability or declining lifespan disparities (Bergeron-Boucher et al. 2015) ; and (2) mortality delay, or the shifting of mortality, whereby the shape of the age-at-death distribution remains intact but shifts to the right, which results in higher ages at death (Kannisto 2001; Bongaarts 2005; Canudas-Romo 2008; Vaupel 2010) . Whereas mortality delay results from a decline in mortality across all ages, differences in the rates of decline across ages will cause a change in the shape of the age pattern of mortality: either mortality compression or, sometimes, even mortality expansion (increasing lifespan variability). Mortality delay at older ages is described by an increase in the modal age at death (=the age at which most deaths are occurring) (Canudas-Romo 2008) .
By means of decomposition techniques, changes in life expectancy can be decomposed into mortality compression and mortality delay (Rossi et al. 2013; Bergeron-Boucher et al. 2015; de Beer and Janssen 2016) . Examining the relative roles of these two types of change and of the potential changes in these developments over time provides us with crucial information not only about the determinants of past mortality trends but also about future trends in both the average and the maximum human lifespan. As long as the delaying of mortality to older ages continues, and, consequently, the modal age at death continues to increase, a limit to life expectancy is unlikely to be reached in the near future, since the ongoing shift in the age pattern of mortality will result in further increases in life expectancy. Moreover, the decrease in death probabilities in old age is contributing to a strong increase in the number of centenarians . This development in turn increases the likelihood that some of these centenarians will survive to very old ages, and thus that the maximum individual lifespan will rise (de Beer et al. 2017) .
Previous studies on the changes over time in the age-at-death distribution among low-mortality countries showed that the relative importance of compression (measured by declining variability in the age at death) and of delay (measured by an increase in the modal age at death) to changes in life expectancy are changing over time. Historically, compression of mortality has played the dominant role in low-mortality countries (e.g. Wilmoth and Horiuchi 1999; Kannisto 2000 Kannisto , 2001 Robine 2001; Canudas-Romo 2008 , Cheung et al. 2009 Smits and Monden 2009; Engelman et al. 2010; Ouellette and Bourbeau 2011; Bergeron-Boucher et al. 2015) . Since the 1950s, the pattern has been changing (Kannisto 1996; Wilmoth and Horiuchi 1999; Kannisto 2000 Kannisto , 2001 Robine 2001; Bongaarts 2005; Edwards and Tuljapurkar 2005; Canudas-Romo 2008; Cheung et al. 2008; Cheung et al. 2009; Thatcher et al. 2010; Ouellette and Bourbeau 2011) . A number of scholars who have examined the long-term changes for low-mortality countries have found evidence that a transition from mortality compression to mortality delay has been taking place (Cheung et al. 2005; Canudas-Romo 2008; Ouellette and Bourbeau 2011; Bergeron-Boucher et al. 2015) , with Japan leading the way in this transition (Cheung et al. 2009; Ouellette and Bourbeau 2011) . Recent formal analysis for low-mortality countries has confirmed that delay is overtaking compression in the change in life expectancy Bergeron-Boucher et al. 2015; de Beer and Janssen 2016) . showed that the contribution of mortality compression to the overall gain in remaining life expectancy at age 50 between 1956 and 2009 was consistently less than 50% for the ten examined European low-mortality countries. Bergeron-Boucher et al. (2015) found that from 1965 onwards, more than 70% of the increase in e0 among Swedish women was caused by delay. De Beer and showed that two thirds of the increase in e0 between 1950 and 2010 in Japan, France, the USA, and Denmark was due to delay.
Until now, however, no studies have examined the existence and the timing of a transition from changes in e0 being predominantly due to mortality compression to changes in e0 being predominantly due to mortality delay simultaneously for a large number of countries, including Eastern European countries, or the role of compression at different ages in this potential transition.
Previous cross-national studies have demonstrated that there have been large differences between countries in the extent of delay and compression (e.g. Wilmoth and Horiuchi 1999; Edwards and Tuljapurkar 2005; Smits and Monden 2009; Canudas-Romo 2008; Cheung et al. 2008; Engelman et al. 2010; Thatcher et al. 2010; Shkolnikov et al. 2011; Ouellette and Bourbeau 2011; Gillespie et al. 2014; Bergeron-Boucher et al. 2015; Muszyńska and Janssen 2016) . For example, one study that examined mortality compression for an Eastern European country (Shkolnikov et al. 2003) observed that the variability in the age at death increased after 1950 in Russia, a trend that is indicative of mortality expansion rather than mortality compression. Other research has shown that there are large differences in variability among countries with similar levels of life expectancy (Smits and Monden 2009 ) and that the variability in the age at death increased in the USA in the 1980s and the early 1990s (Shkolnikov et al. 2011) . Thus, it is likely that the timing of the transition from mortality compression to mortality delay differs between countries as well.
Recent studies have acknowledged the importance of distinguishing between compression at different ages (e.g. Zhang and Vaupel 2009; Bergeron-Boucher et al. 2015; de Beer and Janssen 2016) . In their study of the "dynamic process of mortality compression", Zhang and Vaupel (2009) clearly demonstrated that overall mortality compression depends on the different processes that occur at younger versus older ages. Vaupel et al. (2011) also emphasised that whereas a reduction in premature deaths diminishes lifespan disparities, a reduction in old-age mortality increases lifespan disparities. Goldstein and Cassidy (2012) showed that slowing of senescence, i.e. more reduction of death rates at older ages than at middle age, results in expansion of mortality, while an equal reduction in death rates across all ages results in a shift of the age-at-death distribution.
Also, the results of previous studies on compression seem to depend heavily on whether these analyses examined compression over all ages, or for a selection of ages only. For example, previous studies that focused on overall compression (e.g. Wilmoth and Horiuchi 1999; Robine 2001; Yashin et al. 2001; Bergeron-Boucher et al. 2015) generally found that compression of mortality had been stable at least since the 1970s; whereas, the studies that focused on compression above the modal age at death showed that compression continued through the 1970s and the 1980s (Thatcher et al. 2010; Kannisto 2001; Cheung et al. 2008) , and that stagnating trends have only recently been observed in some countries (Cheung et al. 2009 ).
In this paper, we will assess the timing of the point at which increases in e0 transitioned from being predominantly due to mortality compression to being predominantly due to mortality delay in 26 European countries and in Japan and the USA over the 1950-2014 period. We will also examine the role mortality compression at young, adult, and old ages that plays in this transition.
Data and methods
For our analysis, we used unsmoothed age-specific death rates from the Human Mortality Database (2017) by single year of age (up to age 100), by year , and by sex for all European countries with data from at least 1959 onwards, as well as for Japan and the USA. After excluding Estonia, Iceland, and Luxembourg because of data issues, our sample consisted of 26 European countries, Japan, and the USA.
We divided the European countries into four main regions: Northern Europe (Denmark, Finland, Ireland, Norway, Sweden, United Kingdom (UK)), Western Europe (Austria, Belgium, Switzerland, West Germany, France, the Netherlands), Southern Europe (Italy, Portugal, Spain), and Eastern Europe. We based these geographic categories on those of the United Nations (2016), although we made some adjustments to enable that countries with similar e0 values and/or e0 trends were grouped together. That is, unlike the United Nations, we placed Latvia and Lithuania in Eastern Europe and distinguished between eastern Germany (Eastern Europe) and western Germany (Western Europe). We then subdivided the Eastern European countries into the following categories: former Soviet republics (Belarus, Russia, and Ukraine), Baltic countries (Lithuania and Latvia), and remaining Eastern European countries (Bulgaria, the Czech Republic, East Germany, Hungary, Poland, and Slovakia).
For our modelling exercise, we used the parametric CoDe mortality model (Compression and delay mortality model), which has been previously described, validated, and discussed (de Beer and Janssen 2016). We have chosen the CoDe model because in addition to providing a good model for fitting the full age pattern of mortality (de Beer and Janssen 2016), it enables us to distinguish between mortality delay and mortality compression, and-in doing so-between mortality compression at young, adult, and old ages. Previous models describing the full age pattern of mortality (the Thiele model, the Heligman-Pollard model, the Siler model, the Rogers & Little model, and the Kostaki adaptation of the Heligman-Pollard model) could not capture mortality delay and mortality compression (de Beer and Janssen 2016). Previous models that included mortality delay did not fit the full age pattern of mortality, but instead fitted only adult mortality (Bongaarts 2005; Horiuchi et al. 2013) . The few previous studies that assessed the relative contributions of mortality delay and mortality compression did not distinguish between mortality compression at young, adult, and old ages (Rossi et al. 2013 The CoDe mortality model uses five additive terms representing mortality at successive life stages (child mortality, teenage mortality, and mortality during young adult, middle, and old age) and includes the modal age at death as a parameter to account for the delay in mortality. The model describes child and teenage mortality with two simple functions and uses a mixed logistic model with different slopes for young adult, middle, and old ages. The CoDe mortality model is defined by:
where q(x) is the death probability at age x, A reflects infant mortality, B affects the decline in mortality with age at young ages, a reflects the level of teen mortality. To distinguish the different life stages after teen mortality, we used an indicator function I(.), with M the modal age at death and h assumed to be 30, and added constants c 1 and c 2 -which are calculated from the other parameters-to enable smooth patterns over age. b 1 and b 2 determine the increase in mortality with age at ages representing adult premature mortality and b 3 determines the increase in mortality with age above the modal age. We assume that g, the upper bound of q(x), equals 0.7 (de Beer and Janssen 2016). Appendix 1 illustrates the effects of the main parameters of the CoDe model on the age-at-death distribution. An increase in the modal age M describes the delay in mortality, i.e. the shift in the mortality age pattern from younger to older ageswhile the age-at-death distribution retains its shape-that results in increasing life expectancy at birth (e0). The increase in the modal age also implies that the normal age at death increases. Without changes in old-age mortality compression, a delay in mortality also implies a higher maximum age at death. Declines in the level of infant mortality A and teen mortality a result in compression of mortality: as mortality declines at these ages, a higher concentration of deaths around the modal age at death occurs. This compression of mortality due to mortality declines at young ages (hereafter referred to as compression at young ages) results in increases in e0. An increase in the parameters b 1 , b 2 , and b 3 affects the slope of the age curve of death probabilities and results in an increase in the steepness of the age-at-death distribution at adult (b 1 , b 2 ) and old ages (b 3 ), relative to the modal age at death and, consequently, in declining lifespan variability (=mortality compression). Compression below the modal age as a result of an increase in b 1 and b 2 results in fewer deaths at ages far below the modal age and more deaths at ages just below the modal age, which in turn results in an increase in e0. This compression below the modal age at adult ages is hereafter referred to as compression at adult ages. Compression of deaths at young ages combined with compression of deaths at adult ages, and thus all compression below the modal age, is referred to as compression of premature mortality. Compression of deaths above the modal age due to an increase in b 3 results in fewer deaths at very old ages, but more deaths at ages slightly above the modal age. In this case, e0 declines. Compression of deaths at ages above the modal age also means that relatively fewer people are achieving exceptional longevity. This compression above the modal age is hereafter referred to as compression of old-age mortality.
The CoDe model takes into account that premature mortality and old-age mortality are relative concepts. The ages that are considered "premature" and "old" depend on the modal age at death. We, therefore, go beyond previous research that studied age-specific mortality trends only, or that distinguished between premature and late deaths using a fixed age of either 65 or 75. Unlike in Zhang and Vaupel (2009) , our threshold age is directly linked to the modal age at death, which enables us to compare our results with the findings of previous studies that focused on compression above the modal age. On the other hand, as illustrated in the last paragraph of the "Country and sex differences in the timing of the transition from mortality compression to mortality delay" section, this also means that when there is a large decline in the modal age at death, the likelihood of observing mortality compression at adult ages and mortality expansion at older ages is larger. Similarly, when there is a large increase in the modal age at death, the likelihood of observing mortality compression at old ages is more likely than mortality expansion.
We estimated the model parameters in R, using non-linear minimization (nlm), and using as starting values for M the observed modal age at death, above age 30, and a range surrounding that age (− 3, − 2, − 1.5, − 1, − 0.5, − 0.25, + 0.25, + 0.5, + 1, + 1.5, + 2, + 3) and selected the outcome with the lowest weighted least squares (WLS), where we weighted the squared errors in death probabilities, the logarithm of death probabilities, and the density of the age-at-death distribution by their standard errors (de Beer and Janssen 2016). Based on a careful analysis of the WLS and visual inspection of the resulting trends in the parameters, we decided to omit the estimates for Bulgaria in 1950 and 1951, and for Latvia in 1959, and to use linear interpolation of the estimates in another 11 single cases. In all remaining cases, the model fit of the CoDe model turned out to be good. From the last column in Table 1 , it can be observed, for example, that the absolute residual effect was in general low and on average 0.17 years for men and 0.10 years for women over an average change in e0 over 1980-2014 of 7.1 and 5.9 years, respectively. For 1950-2014, the average absolute residual effect was respectively 0.21 for men and 0.19 for women over an average change of 12.1 and 13.5 years, respectively.
We decomposed the change in fitted e0 from 1950 to 2014 into changes in the modal age and changes in mortality compression at young, adult, and old ages. In doing so, we distinguished between the sub-periods of 1950 to 1979 and 1980 to 2014, and separate 10-year sub-periods from 1950 and 1955 onwards. Our decision to divide our observation period into the 1950-1979 and 1980-2014 sub-periods was based on our finding that the trends in M before and after 1975-1980 were quite distinct (see the first paragraph of the "Results" section) and on our wish to divide the overall period into sub-periods that were as equal as possible. Our decomposition involved the cumulative adjustment of the subsequent parameters to the final level, while keeping the remaining parameters at the starting level. We used the following order: A + B, a, M, b 1 , b 2 , and b 3 , to enable that indeed compression is measured relative to the modal age at death. We eliminated the effect of c 2 in compression below the modal age (b 1 , b 2 ) to ensure that a decline in the probability of dying before reaching the modal age does not affect the probability of dying after reaching the modal age. Similarly, the effect of c 1 was eliminated from compression at young adult ages (b 1 ). Unweighted average contributions were calculated for the different regions.
In order to determine in a robust manner the timing of the transition from changes in e0 being predominantly due to mortality compression to changes in e0 being predominantly due to mortality delay, we assessed the 5-year period in which the contribution of delay to the change in e0 became larger than the contribution of compression. We did so by smoothing the yearly contributions of delay and compression to the change in e0 by means of 3-year moving averages (resulting in yearly contributions from 1951-1952 up until 2012-2013) and subsequently summing these yearly contributions over the 5-year periods (1951-1955, 1955-1960,…, 2005-2010, 2010-2013) . To ensure that the change was long-lasting, we considered a minimum of two consecutive 5-year periods that had to last until the end of the observation period. We allowed the long-lasting change to be interrupted by a single 5-year period in which compression was still more important than delay, but only if before and after this 5-year period there were two subsequent periods in which the delay was more important than compression.
Results
Past trends in the modal age at death Figure 1 shows the trends over time in the estimated modal age at death (M) for the different countries. The figure clearly displays the different trends in M before and after 1975-1980, particularly for men. Among men, M hardly increased up to 1975 -1980 . However, from 1975 -1980 onwards, M among men increased strongly in the non-Eastern European countries; whereas, in the Eastern European countries, M among men stagnated and underwent significant temporal declines. Only recently have increases in M again been observed among men in Eastern Europe. Among women, M increased quite linearly throughout the 1950-2014 period in the non-Eastern European countries but increased less strongly in the Eastern European countries up to [1975] [1976] [1977] [1978] [1979] [1980] . As a result, women in Eastern Europe clearly had lower levels of M than women in non-Eastern Europe from 1975-1980 onwards. Figure 2 shows the relative effects of mortality compression and mortality delay on the trends in life expectancy at birth (e0) over the 1950 -2014 period, divided into 1950 -1979 and 1980 -2014 . In the 1950 -1979 period, the changes in e0 were largest among Japanese women and smallest among Eastern European men. Whereas the increase in e0 tended to be greater among women in 1950-1979, it tended to be greater among men in 1980-2014. Mortality compression generally played a bigger role than mortality delay up to 1980, which suggests that the increases in e0 occurred primarily because of declining disparities in the ages at death that resulted from large declines in infant and child mortality. From 1980 onwards, however, mortality delay was more important than compression, which indicates that declines in mortality across all ages led to a shift in the distribution of deaths towards older ages. On the contrary, among Eastern European men, delay contributed less than compression to the change in e0 also over the 1980-2014 period. This can be related to the significant temporal declines in M from 1975 onwards among men in many Eastern European countries (Fig. 1) . Among men in Bulgaria, Lithuania, Latvia, Belarus, and Ukraine, these declines resulted in substantial negative effects on e0 over the 1980-2014 period (Table 1) . Considerable differences in the relative importance of compression and delay in the change in e0 from 1980 to 2014 showed (1) between the regions, with Southern Europe experiencing more compression than Northern and Western Europe; (2) between the sexes, with more delay among men especially in Northern and Western Europe and the USA; and (3) between the individual countries (Fig. 2, Table 1 ). Timing of the transition from a predominance of compression to a predominance of delay
Relative importance of compression and delay in the trends in life expectancy
The transition from a predominance of compression to a predominance of delay in the increases in e0 started earlier among women than among men and occurred earlier in Northern and Western Europe than in Southern and Eastern Europe (Table 2) . Among women in the USA, the effect of delay was larger than the effect of compression throughout the period. The onset of the transition occurred between 1955 and 1970 among women in Japan and in most other Northern and Western European countries, between 1970 and 1980 in the three Southern European countries and between 1970 and 1995 in all of the Eastern European countries, except Belarus (2000) and Latvia (2005) . Among men, the transition from a predominance of compression to a predominance of delay occurred later, from 1965 onwards. Like the transition among women, the transition among men started relatively early in the USA, Northern and Western Europe, and in Japan, albeit surprisingly late in Denmark, Norway, and the Netherlands. Among men in Southern Europe, the Among men in Lithuania, Latvia, and Belarus, there is no evidence that the transition from compression to delay has occurred.
The importance of compression at young, adult, and old ages in the transition
In the 1950s in non-Eastern Europe, the predominance of mortality compression was caused by the large contribution of mortality decline at young ages to the increase in e0 (Fig. 3 ). In addition, among men, the modal age was either only marginally increasing or even declining (Fig. 1) . For women in non-Eastern Europe, delay was already contributing on average 44% of the increase in e0.
Between the 1950s (1950-1959) and the 1960s (1960-1969) , the decline in the relative role of compression in the increase in e0 was mainly due to a decrease in the importance of mortality declines at young ages. This trend occurred across Europe among both men and women.
Between the 1960s and the 1970s (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) , the role of mortality delay increased considerably in non-Eastern Europe (Fig. 3) . Mortality delay first became predominant from 1970 onwards among women in North-Western European countries and later became predominant among women in Southern Europe and among men (see as well Appendix 2). In this period in which delay was becoming predominant, the positive contribution of compression of mortality at young ages to the change in e0 was counterbalanced by the negative contributions of expansion at adult ages and compression at old ages, especially among men (Fig. 3) .
In Eastern Europe (see Appendix 2), the period from 1975 to 1995 is characterised by expansion of adult mortality among women, and, among men, large negative contributions from a decline in the modal age at death only partly counterbalanced by compression at adult ages and expansion at old ages. From 1975 onwards for women and 1995 onwards for men, a clear increase in the contribution of delay can be observed, coupled with compression of old-age mortality, 1950*-1979 and 1980-2014 resulting in a predominance of delay from 1990 onwards among women, and from 1995 onwards among men.
In more recent years, in non-Eastern Europe, delay remained highly predominant, and at about the same relative level, despite some fluctuations in its contribution because of fluctuations in the contribution of young age mortality, in particular teenage mortality ( Fig. 3; Appendix 2) . Whereas, the negative contributions of expansion of adult mortality Table 2 Five-year period in which the contribution of mortality delay to the increase in life expectancy at birth became persistently larger than the contribution of mortality compression, by sex and country, 1951 -2013 Country Men Women Poland # 1990 -1995 * 1970 -1975 * Slovakia # 1990 -1995 1985 -1990 At least two 5-year periods in which declines in e0 occurred, mostly only among men, but for Belarus, Latvia, Russia, and Ukraine for both men and women *One 5-year period in between in which the contribution of compression was larger than delay Ϯ Also at an earlier point in time, an extended period occurred in which absolute delay was more important than absolute compression: DKF 1951 -1980 , RFM 1980 -1990 , DEM 1970 -1980 have been declining among men, the positive contributions of compression of adult mortality have recently emerged among women, indicating that declines in adult mortality are particularly strong. Despite further increases in the modal age at death (Fig. 1) , the small negative contribution of compression at old-age mortality stayed either stable or declined slightly, reflecting the absence of a further recent increase in the related parameter, with even signs of expansion recently for some countries (see Appendix 3).
Discussion of observed results
In almost all studied 26 European countries, Japan, and the USA, a transition occurred from increases in life expectancy at birth (e0) mainly due to compression of mortality to increases a b in e0 predominantly due to mortality delay. Delay of mortality results from a shift in the age distribution of mortality towards older ages and implies an increase in the modal age at death. Compression of mortality implies that the share of deaths around the modal age increases and that, consequently, lifespan variability is declining. Compression can be caused by a strong decrease in deaths at young or advanced ages, which has a positive effect on e0, or by an increase in the share of deaths around the modal age (as a result of a decline in the share of deaths in advanced age), which results in a negative effect on e0.
Country and sex differences in the timing of the transition from mortality compression to mortality delay Important differences between men and women and across countries occurred in the timing of the point at which increases in e0 transitioned from being predominantly due to compression of mortality to being predominantly due to mortality delay. Specifically, we found that, for women, the transition started at or before 1950 in the USA, between 1955 and 1970 among women in Northern and Western Europe, between 1970 and 1975 among women in Southern Europe, and still later among women in Eastern Europe. Generally, the transition occurred among men about 10 years later than among women, although it is important to note that delay has not yet overtaken compression among men in Lithuania, Latvia, and Belarus. Our own additional analysis using data for American women from 1933 onwards showed that the onset of the transition began in the 1951-1955 period and not earlier.
Generally, the transition from compression to delay appears to have occurred around 10 years later among men than among women. This observation is related to the differences between men and women in the increase in the modal age at death (Cheung et al. 2009 ), which were more modest among men than among women from 1950 up to 1975 (see Fig. 1 ). At least among men and women in non-Eastern European countries, these sex differences in the increase in the modal age can be partly attributed to the differential effects of the smoking epidemic for men and women. Men-and particularly men in the Anglo-Saxon countries and North-Western Europe-were the first to take up smoking in large numbers (Lopez et al. 1994 ). Women did not start smoking until some decades after men (Lopez et al. 1994; Janssen and van Poppel 2015) . By that time, the negative effects of smoking on health were widespread and well-known. Consequently, the smoking prevalence levels of women never reached the enormously high levels of men (Lopez et al. 1994; Van Poppel and Janssen 2016) . In line with this hypothesis regarding the impact of the smoking epidemic on sex differences in the increase in the modal age, Janssen and de Beer (2016) observed for the Netherlands that the trends in the modal age at death for non-smoking-related mortality-i.e. with the effects of smoking excluded-were roughly the same among men and women aged 40 and older over the period 1950-2012. Similarly, observed that in a number of European low-mortality countries, from 1950 to 2009, patterns in longevity extension among men and women aged 50 and older were more similar for non-smoking-related mortality than for all-cause mortality. For Eastern European countries, sex differences in alcohol consumption might be important as well. Because men tend to consume more alcohol than women (Leon et al. 2009; Mäkelä et al. 2006 ), they also have higher levels of alcohol-attributable mortality (e.g. Trias-Llimós et al. 2017) . This gender gap is especially striking in Eastern Europe (e.g. Trias-Llimós and Janssen 2018).
Differences between countries in the timing of the onset of the predominance of delay may have also been affected by the smoking epidemic. There are clear differences between countries in the impact and the timing of the smoking epidemic, as described by Lopez et al. 1994 in their smoking epidemic model. Men in Anglo-Saxon and North-Western European countries were the first to take up smoking in large numbers at the beginning of the twentieth century resulting in very high smoking-attributable mortality among these men some 30 to 40 years later. On average, men in Southern and Eastern Europe took up smoking 35 years later, during a period when the adverse health effects of smoking became increasingly known. Thus, among these men, smoking prevalence and smoking-attributable mortality was lower, although still substantial. The women in the abovementioned countries followed a similar pattern of tobacco use but with a delay of several decades (e.g. Lopez et al. 1994 ) and experienced lower smoking prevalence and smoking-attributable mortality than men.
It is likely, however, that our general observation that the transition occurred earlier in Northern and Western Europe, the USA, and Japan, and later in Southern and Eastern Europe, is mainly attributable to historic differences in socioeconomic developments and improvements in medical care, with greater improvements leading to larger historic declines in under-five mortality in particular and to higher current life expectancy values (e.g. Omran 1998; Mackenbach 2013) . Higher life expectancy is known to be associated with smaller lifespan disparities Smits and Monden 2009) , and thus with improvements resulting primarily from a shift in the distribution of deaths towards older ages.
However, the transition from increases in e0 being predominantly due to compression of mortality to increases in e0 being predominantly due to mortality delay has not yet occurred in all European countries. Among men in Lithuania, Latvia, and Belarus, delay has not yet overtaken compression. In these and other Eastern European male populations, large (temporal) declines in e0 occurred from 1975 onwards. These declines are largely attributable to the health crisis in Eastern Europe that resulted from the policies of communist regimes (McKee and Shkolnikov 2001; Vallin and Meslé 2004; Leon 2011) . This health crisis affected men and women of all ages, but particularly men and people of adult ages (McKee and Shkolnikov 2001) . In line with our expectations, we found that the health crisis caused adult mortality to expand substantially among women in 1975-1984 and 1985-1994 . However, the effects of the health crisis were larger among men, and because the crisis affected the broader population, it resulted among men predominantly in a decline in the normal (=modal) age at death. As the normal age at death decreased, lifespan disparities below the modal age at death also declined (=compression of adult mortality) simply because the distance of the onset of adult mortality to the normal age at death became smaller, and the increase in mortality with age steeper. As well as illustrating the relative concept of compression below the modal age at death, this pattern shows that a health crisis can result in a decline in the modal age at death, as a result of which a decline in lifespan variability below the modal age at death does not necessarily result in a positive effect on life expectancy. Similarly, the expansion of old-age mortality that was observed in this period while the modal age at death was declining took place because the older ages represented more ages than they did before the decline in the modal age at death occurred, which inevitably led to a decline in the steepness of mortality with age (=expansion of old-age mortality).
Phases in the transition from compression to delay
Distinguishing between compression/expansion at different ages allowed us to provide a more detailed description of the overall transition from changes in e0 being predominantly due to mortality compression to changes in e0 being predominantly due to mortality delay. More specifically, we could distinguish the following phases from 1950 onwards: (1) compression played a large and predominant role mainly because of mortality compression at young ages due to large mortality declines at young ages, while delay had very little effect; (2) mortality compression became less important as the effects of mortality compression and mortality declines at young ages tapered off; (3) mortality delay became more important than mortality compression due to large increases in the modal age at death, as well as to the counterbalancing effects of mortality compression at young ages on the one hand, and of mortality expansion at adult ages and old-age compression on the other; and (4) strong predominance of delay combined with larger mortality declines at adult ages and declining mortality compression at old ages.
Our description of the different stages from 1950 onwards could supplement the description of the current stage of the epidemiological transition theory in low-mortality countries (Omran 1998 ). Based on his study of the dispersion of lifespans in France, Robine (2001) proposed an alternative third stage of the epidemiological transition theory, i.e. instead of "the age of degenerative and man-made diseases", he suggested "the age of the conquest of the extent of life", a stage that is characterised by increasing life expectancies combined with no or very small reductions in lifespan dispersion. In our analysis, we could clearly discern different subphases in the transition from mortality compression to mortality delay that could be used to supplement the description of the third and later stages of the epidemiological transition theory.
As mortality delay has been the main contributor to the increase in e0 in recent years, the definition of premature mortality and old-age mortality has been changing as well. As first presented by Lexis (1878) and later revived by Kannisto (2001) , the modal age at death can be seen as representing "normal" or "typical" longevity (Cheung et al. 2005) . Thus, when the modal age increases, an older age at death becomes normal. Since premature mortality refers to mortality at an age below the point in the lifespan at which dying is considered normal, premature mortality is extended to higher ages. Similarly, since old-age or late mortality refers to mortality at an age above the point in the lifespan at which dying is considered normal, old-age mortality is shifted to higher ages. In the 28 countries studied here, the normal age at death among women was on average 81.4 years in 1960 (80.2 in the earliest available year) and 87.7 years in 2010 (88.4 in the latest available year), while among men, this was 76.2 years in 1960 and 80.4 years in 2010. If Eastern European countries are excluded, the equivalent values for men are 75.8 and 83.2. Thus, whereas age 83 was considered old in 1960, dying at this age can now be considered normal among men and premature among women in the majority of European countries. This is important information for policy-makers who are trying to further reduce premature mortality in the context of mortality delay. It is clear that policies should be adjusted to target an older group of people than in the past.
Although mortality delay is increasing in importance, mortality compression has also played a role in recent mortality changes. Tracking mortality compression and mortality expansion provides us with information about declines or increases in lifespan disparities between individuals, and this information can be indicative of underlying inequalities, such as socioeconomic differences that could be associated with differences in smoking habits . Whereas lifespan disparities at younger ages predominated in the past, today lifespan disparities at adult and older ages are becoming more important.
Trends in old-age compression/expansion also have important implications for the debate on a potential limit to life expectancy and the maximum life span. Our observation of a strong trend towards mortality delay implies that there is no limit to life expectancy in the near future. If we were approaching a limit to lifespan, we would expect to see that either mortality delay (i.e. the increase in the modal age) had slowed down or the effect of mortality compression in old age had exceeded the effect of mortality delay. A limit to lifespan implies that the upper bound of the age-at-death distribution is fixed. As long as mortality delay continues without compression in old age, the upper bound of the age-at-death distribution will continue to move to older ages. If compression in old age does occur, the upper bound of the age distribution will increase less strongly than the modal age. Thus, the finding that from 1980 onwards deaths above the modal age have become increasingly concentrated within a narrow age interval does not imply that there is a limit to life expectancy, provided mortality delay continues to play a more important role than mortality compression at old ages. This result does, however, indicate that the maximum lifespan has not been increasing as fast as the modal age at dying. Compression in old age implies that the difference between the modal age and the upper bound has been decreasing. Our observation that compression of old-age mortality has recently been stable or even slightly declining among women in non-Eastern Europe-and that there have even been signs of mortality expansion in certain countries-indicates that the maximum lifespan could increase further as the modal age at death increases. But if the maximum lifespan continues to increase more slowly than the modal age, we may expect to find that there is a limit to the increase in the modal age in the long run, as compression in old age cannot continue infinitely (Cheung et al. 2005 ).
Conclusion and implications
The transition from a predominance of mortality compression to a predominance of mortality delay in determining changes in e0 could be dated among women at around 1950 in the USA, between 1955 and 1970 in Northern and Western Europe, around 1970 -1975 in Southern Europe, and still later in Eastern Europe, with the transition among men in these European regions generally occurring about 10 years later. Among men in Lithuania, Latvia, and Belarus, delay has not yet overtaken compression because of the health crises they have experienced. It is, however, likely that for them the transition will occur soon. Differences in the timing of the transition could be linked to the past health crisis in Eastern Europe, past differences in the pace of socioeconomic change and associated improvements in medical care, but also to differences in the timing and impact of the smoking epidemic.
Based on our analysis of the role of compression at different ages, we distinguished four phases in the transition from mortality compression to mortality delay: (1) predominance of compression due to strong mortality declines at young ages, (2) declining importance of mortality compression due to the decreasing impact of mortality declines at young ages, (3) mortality delay becomes predominant due to strong increases in the modal age at death and the counterbalancing effects of mortality compression/expansion at different ages, and (4) strong predominance of delay combined with stronger mortality declines at adult ages and declining mortality compression at old age.
Our results indicate that we are not approaching a limit to life expectancy or a maximum lifespan. With mortality delay, premature mortality and old-age mortality are also shifting towards older ages.
